Enthalpy exchangers are frequently employed to transfer heat and water between the supply and exhaust airstreams of mechanical ventilation systems.
INTRODUCTION
In summer, when the outdoor air is humid, the transfer of moisture from the incoming to the outgoing airstream will reduce the latent loads on air-conditioning equipment; in winter, moisture transfer from the outgoing to the incoming airstream can reduce humidifications loads. Moisture transfer is not desirable, however, in buildings with a high indoor humidity during the winter, such as many residences with low air infiltration rates.
A potential problem with the utilization of enthalpy exchangers is that some indoor-generated pollutants may be transferred from the outgoing to the incoming airstream, reducing the ventilation system's 1 effectiveness in controlling the concentration of these indoor pollutants.
Transfer of pollutants between airstreams can occur by air leakage even in exchangers that are not designed for moisture transfer; however, in enthalpy exchangers there may be additional mechanisms for pollutant transfer. Significant transfer would appear most likely for pollutants that are chemically similar to water or are soluble in water.
Formaldehyde HCHO is a common indoor pollutant in residences and is highly soluble in water.
Manufacturer's product literature and results from a previous field study (Offermann et al., 1982) suggest that significant transfer of {HCHO) may possibly occur in some enthal-PY exchangers. The product literature supplied by a major manufacturer of enthalpy exchangers {with cores fabricated from a permeable, treated paper) indicates a 21 to 33% transfer rate for highly water soluble ammonia and transfer rates less than 10% for smoke, hydrogen sulfide, carbon monoxide, and carbon dioxide. No data are provided for HCHO or some other common indoor pollutants, such as radon and nitrogen dioxide. In a field study, no significant change in indoor HCHO concentration was measured in two houses when ventilation was provided through these enthalpy exchangers, although substantial reductions in radon concentration and increases in air exchange rate were measured. The results of this field study are not conclusive evidence for HCHO transfer, however, because the relationship between air exchange rate, environmental conditions, and indoor HCHO 2 concentration is complex.
In this paper we first provide background information on two types of enthalpy exchangers available for residential use and discuss potential mechanisms for HCHO transfer. We then describe an experi~ mental study to determine transfer rates of HCHO and two tracer gases in these heat exchangers and discuss the experimental results. The impact of moisture transfer in enthalpy exchangers on indoor HCHO concentrations is also examined analytically.
DESCRIPTION OF HEAT EXCHANGERS AND POTENTIAL TRANSFER MECHANISMS
~ Exchanger ~ !.
A common enthalpy exchanger uses a cross-flow core fabricated from a treated paper. The treatment is described by Tanaka et al.
(1982) ·as impregnation with a "hydrophillic resin and a hygroscopic agent••. The core, depicted in figure 1, consists of a series of parallel plates of treated paper with the spaces between adjacent plates subdivided into small triangular passages by paper spacers.
The passages are small enough so that the air flow is laminar. The heat exchanger used for the experiments, denoted as "Heat Exchanger
No. 1", consists of a core mounted in a sheet metal, housing and sealed to the housing to minimize air leakage. The core is used commercially in a residential heat exchanger that is designed for installation 3 without ductwork, i.e., through a wall or window. Product literature for this heat exchanger indicates a sensible heat exchange (temperature) efficiency of approximately 70%. The efficiency of moisture transfer is not given for this particular model; for several other models with a core of the same design but a different 1 size, the reported moisture transfer efficiency is about 10% less than the temperature efficiency.
In this heat exchanger, water vapor, some pollutants, such as ammonia, and heat are transferred directly through the treated paper.
The mechanism or mechanisms of gas transfer through the paper are not specified by the manufacturer. From theoretical considerations, the transfer process can be divided into two stages. First, gas molecules must be transferred to the surface of the paper by molecular diffusion through the laminar airstreams This transfer rate is approximately proportional to the diffusion coefficient for the gas through air.
The second stage, transfer through the treated paper, may be due to more than one mechanism (Treybal, 1980) . If the paper is porous, and the diameter of the pores is greater than about twenty times the mean free path of the diffusing molecule, then ordinary molecular diffusion occurs at a rate that is proportional to the diffusion coefficient for the gas in air. If the pore diameters are less than about 0.2 times the mean free path, then the rate of diffusion through the paper is not controlled by the diffusion coefficient in air, but instead by collisions with the walls of the pores. This process of diffusion, called "Knudsen diffusion", is inversely proportional to the square root of the molecular weight of the diffusing gas. Because the size, shape, and number of pores are generally not known, diffusion rates through porous solids are generally determined experimentally and characterized by an effective diffusion coefficient which is based on the area of the solid, in contrast to the area of the pores.
Some relevant physical characteristics of a diffusing molecule are its size, weight, and diffusion coefficient in air; these are listed in table 1 for water vapor, ammonia (NH 3 ), HCHO, and the two tracer gases employed in this study --sulfur hexafluoride (SF 6 ) and propane (C 3 H 8 ).
The molecular size and diffusion coefficient of HCHO do not differ greatly from those of water or ammonia which are known to be transferred through the treated paper at a substantial rate.
The molecular size of the SF 6 tracer is considerably greater than the size of the other molecules and the diffusion coefficient of SF 6 in air is also much smaller than the diffusion coefficient of the other molecules.
While untreated paper is a porous solid, the porosity of the paper heat-transfer surfaces in Heat Exchanger No. 1 has been reduced by its treatment (Tanaka et al., 1982) , reducing the potential for diffusion through pores. There exists, however, another mechanism (Treybal, 1980) for transport through polymers such as cellulose the primary constituent of paper. In this process, the diffusing gas dissolves in the face of the solid and is then transferred through the polymer by a process called "activated diffusion" which involves "jumping" of the diffusing molecules from one position to another within the polymer in the direction of decreasing concentration. The rate of transfer through the polymer is proportional to the product of the solubility of the gas in the solid and the diffusion coefficient for the gas in the solid; this product is given the name "permeability". If the solid is coated with a thin layer of another material, the permeability will depend on the solubility of gas in the coating.
The diffusion rate through the solid depends on the size and shape of the diffusing molecules and, in activated diffusion, increases exponentially with temperature. In some oxygenated polymers such as cellulose, molecules that can hydrogen bond to the polymer, e.g., molecules of water or NH 3 , diffuse by transfer from one hydrogen bonding site to an adjacent site (Treybal, 1980) . It is expected that HCHO could also hydrogen bond to cellulose but it is not known if this hydrogen bonding would occur in a manner that facilitates the transport of HCHO through the cellulose. Another factor that could cause HCHO to be transferred at a lesser rate than water or ammonia is a smaller solubility for HCHO in the unspecified hydrophyllic or hygroscopic materials at the surface of the paper.
A physical characteristic of molecules that may affect their rate of activated diffusion through a polymer such as cellulose is the dipole moment, a measure of electrical polarity. This parameter is 6 listed along with the other molecular characteristics in table 1.
Note that the two tracer gases are essentially non-polar and that HCHO, water, and NH 3 are highly polar. 
EXPERIMENTAL SYSTEM
The experimental system can be subdivided into three subsystems based on the following functions: (1) control and measurement of airstream flow rate, pressure, temperature, and humidity; (2) injection of tracer gases and measurement of tracer gas concentrations; and (3) injection of formaldehyde and measurement of its concentration. In the following discussion of the experimental system, we refer to the .. supply" and "exhaust" airstreams. The tracer gases were injected into the exhaust airstream, upstream of the heat exchanger. To ensure mixing of the tracers with the air, they were injected through a manifold upstream of both the orifice plate system and the mixing vanes.
Measurement of the tracer gas injection rates, the tracer gas concentrations in the supply airstream downstream of the heat exchanger, and the background tracer gas concentrations (see figure 3 ) allowed calculation of the transfer rates.
Tracer gas concentrations were measured with infrared analyzers.
A microprocessor controlled the operation of a solenoid valve system so that air samples were directed into the analyzers from the airstreams and from cylinders of zero gas and three primary standard calibration gases for each tracer.
Formaldehyde Production and Measurement , 1981) . The impingers were calibrated using a dry-formaldehyde generation system (Geisling et al., 1982) .
RESULTS

~Analysis
The transfer fractions of HCHO, c 3 H 8 , and SF 6 were calculated from the equation:
where n , is the transfer fraction of gas i and M 1 -through M 3 , are
the mass flow rates of gas i in airstream 1 (supply inlet), 2 (supply outlet), and 3 (exhaust inlet). The mass flow rates were calculated by taking the product of the gas concentrations and the air flow rates.
A slightly different calculation was employed to determine the mass transfer rate of water vapor, because a significant amount of water vapor was present in the "outside" air (supply inlet airstream).
A water transfer effectiveness, €, defined as the ratio of the water actually transferred to the maximum possible water transfer, was calculated for both the supply (subscript s) and exhaust (subscript e) airstreams using the equations e: s (2, 3)
where W is the humidity ratio of an airstream, subscripts 1 through 3
were defined for equation 1, and subscript 4 denotes the exhaust outlet airstream (see figure 3) . Note that for the calculations of water transfer effectiveness, the humidity ratios rather than the water vapor mass flow rates were used; the flow rates of the supply and exhaust airstreams were nearly equal and the small resultant correction to the water transfer effectiveness was not justified considering the uncertainties in measurement of humidity ratio. If the airstream flow rates were identical, then the two water transfer effectiveness should also be identical.
Mass balance ratios for HCHO, water, and dry air were calculated from the equation:
where R 1 is the mass balance ratio for gas i. The mass balance ratios are indicators of the accuracy of the air flow rate, humidity, and formaldehyde concentration measurements.
Uncertainty Analysis
The uncertainty of our measurements of HCHO transfer fraction is estimated to be less than 12% of the measured value. This is based on an uncertainty in the air flow rates of 2% and an uncertainty of less than 3% in the determination of a ratio of HCHO concentrations. Our estimate of the uncertainty in the measurement of tracer gas transfer fraction is + 0.01 or less.
Transfer Rates
The transfer fractions of HCHO, c 3 H 8 , and SF 6 , the water vapor transfer effectiveness, and the mass balance ratios are presented in On average, the HCHO transfer fractions were slightly higher during summer tests, perhaps due in part to the higher air temperatures. The average HCHO transfer fractions were also slightly greater during winter tests with a high indoor humidity and summer tests with a high outdoor humidity, compared to the corresponding winter and summer tests conducted at lower humidities.
Neither the direction of water transfer nor the concentration of HCHO in the indoor air had a discernable effect on the HCHO transfer fractions.
Another quantity depicted in figures 4 and 5 is the transfer fraction of HCHO less the transfer fraction of SF 6 • In a later section, we suggest that the predominant mechanism for SF 6 transfer is 14 leakage of air between airstreams.
If leakage is indeed the cause of SF 6 transfer, then the difference between the HCHO and SF 6 transfer fractions is an indicator of the HCHO transfer that occurs by processes other than air leakage, i.e., due to the fact that these exchanges are "enthalpy" exchangers. The transfer fraction of HCHO exceeds that of SF 6 by only 0.01 to 0.09.
Because the HCHO mass balance ratios for tests 1-8 and 1-9 are poor, the uncertainty in the HCHO transfer fraction for these two tests is greater than for other tests. The low mass balance ratio of test 1-9 was probably caused by condensation of water vapor in the HCHO sampling lines and dissolution of HCHO into this water; we are unsure of the cause of the poor HCHO mass balance for test 1-8.
Three tests were repeated, i.e., a second test was conducted with nearly identical inlet conditions, and the HCHO transfer rates measured during these nearly identical pairs (1-12 and 1-14, 2-C and 2-D, and 2-F and 2-G) were also essentially identical. In Heat Exchanger No. 1, the transfer of gases between airstreams occurs by passage directly through the treated paper and by leakage of air between airstreams. Gas transfer through pores in the core material by ordinary diffusion and/or Knudsen diffusion (described previously) does not appear to be the predominant transfer mechanism.
The relationship between the transfer rates of the four gases examined Transfer by absorption on and desorption from the lithium chloride coating of the heat wheel, which is known to be important for water, is also a likely source of HCHO transfer. The measured increase in HCHO transfer with increased airstream humidities indicates that HCHO molecules may possibly attach to water molecules on the heat wheel.
The test data did not, however, provide strong evidence for the existence or absence of liquid water on the core or the role of HCHO dissolution in liquid water on HCHO transfer.
Impact ~ Indoor Formaldehyde Concentrations
The ability of a ventilation system that includes an air-to-air heat exchanger, to remove indoor pollutants is compromised by pollutant transfer within the heat exchanger from the exhaust to the supply airstreams.
In the two enthalpy exchangers tested, only a small fraction (.01 to .09) of the HCHO in the exhaust airstream was transferred by stream. This processes other than air leakage to the supply air-HCHO transfer will reduce, by a similarly small fraction, the ventilation system's ability to remove HCHO from the indoor space. The transfer of HCHO between airstreams will generally cause the indoor HCHO concentration to increase by a smaller fraction than the HCHO transfer because: (1) only a portion of the building's ventilation is normally supplied through the enthalpy exchanger, and (2) the emission rate of HCHO from many source materials is often depen~ dent (Matthews, et al., 1983) on the indoor HCHO concentration.
Another aspect of the performance of enthalpy exchangers --the transfer of water vapor between airstreams --can, however, have a significant impact on indoor HCHO concentrations. When the outdoor air has a lower humidity ratio than the indoor air, ventilation provided through an enthalpy exchanger will not reduce the indoor percentage point increase in indoor relative humidity will cause approximately a 20% increase in indoor HCHO concentrations (Andersen, Lundquist, and Molhave, 1975; Berge, et al., 1980) . Therefore, the 2 to 14 percentage point increase in relative humidity noted above would cause a 4 to 28% increase indoor HCHO concentration.
Another type of enthalpy exchanger that can transfer water vapor and HCHO between airstreams is an exchanger with a heat wheel core that is not coated with a desiccant. Under certain indoor and outdoor environmental conditions, water vapor will condense out of the exhaust airstream onto the surfaces of the heat wheel. This water vapor may then evaporate into the supply airstream and return to the indoor space. Since HCHO is highly soluble in water, it is likely that some HCHO will be transferred with the water and also be returned to the indoor space. The extent of HCHO and water vapor transfer in this type of heat exchanger has not been determined. However, based on simple calculations we expect that in most u.s. climates, substantial HCHO and water vapor transfer is likely to occur only during a small fraction of the heat exchanger's operating time.
CONCLUSION
The major definitive conclusion of this work is that transfer of formaldehyde between airstreams, by processes other than air leakage,
is not a major problem in the two enthalpy exchangers examined. The transfer of water vapor between airstreams in enthalpy exchangers will, however, lead to higher indoor humidities and, thus, higher formaldehyde emission rates when the outdoor humidity ratio is lower than the indoor humidity ratio. 
+ Estimated from data on bond lengths and atomic diameters. II Masterton and Slowinski, 1973. ** Weast, 1977. 
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High "Outdoor" humidity ratio XCG 847-13167 Figure 5 . Formaldehyde transfer fraction measured during "summer" tests. The results are grouped into tests where the outdoor humidity ratio was low (0.0055-0.0064) and high (0.0130-0.0193). The estimated uncertainty in the formaldehyde transfer fraction is less the 12% of the measured value. Also shown is the difference between the formaldehyde and sulfur hexaflouride transfer fractions (this difference is not available for two tests due to equipment failures). Test numbers are listed below the bars: "1-" and "2-" denote tests of Heat Exchangers No. 1 and No. 2, respectively.
